Abstract: Currently, no in-crop herbicide is registered to control wild oat (Avena fatua L.) in tame oat (Avena sativa L.). Wild oat must be controlled in tame oat using other agronomic practices. The objective of this research was to determine if side-banded phosphorus (P) in combination with seeding rate would increase the competitiveness of tame oat with wild oat, increasing yield and quality. An experiment was conducted from 2003-2005 at Indian Head, SK. The experimental design was a strip-plot design with four replications. The strips were low and high wild oat density. A two-way factorial, seeding rate (150, 250, 350, and 450 plants m −2 ), and P rate (0, 15, and 30 kg P 2 O 5 ha −1 ) were seeded across the strips. Phosphorus affected seed density, grain yield, oat biomass, and wild oat fecundity. Seeding rate affected most of the measured variables and interacted with wild oat and year. The application of P increased the competiveness of oat by increasing crop biomass by 7.6% and grain yield by 3.4% and decreasing wild oat seed from 1.26% to 0.76% in the harvested grain. Wild oat decreased grain yield by 23% in 2003, 4.4% in 2004, and 11% in 2005. Increasing the seeding rate increased grain yield by 5% when wild oat was present. Wild oat did not interfere with the uptake of side-banded P. Producers need to use both P fertilization and higher seeding rates to improve the competitiveness of tame oat and the management of wild oat in tame oat.
Introduction
Weed surveys found that wild oat was the secondranked weed for western Canada (Leeson et al. 2005 ).
Traditionally, tillage in combination with delayed seeding has been used to control wild oat (Avena fatua L.) in tame oat (Avena sativa L.). Research in oat captured the importance of early seeding to optimise yield and quality (May et al. 2004) ; however, early seeding requires that any flush of wild oat emerging as the tame oat emerges must be controlled using agronomic practices as no in-crop herbicide is registered to control wild oat in tame oat. High seeding rates are important for suppressing wild oat in barley (Hordeum vulgare L.) (O'Donovan et al. 1999) , common wheat (Triticum aestivum L.) (Carlson and Hill 1985) , and canola (Brassica napus L.) (O'Donovan et al. 2004) . May et al. (2009) found that high seeding rates reduced the seed and biomass production of wild oat and increased the grain yield of tame oat.
The yield response of oat to phosphorus (P) has always been tested in a weed-free environment (Mohr et al. 2007) . Phosphorus banded near the seed has promoted early-season growth in cereals (Grant et al. 2001) and Berkenkamp et al. (1984) found that in oat, forage yield was more responsive to P than grain yield. Therefore, P fertilizer may increase early-season growth, making the oat crop more competitive with wild oat and resulting in higher yield and quality.
The addition of P can also affect the competitiveness of wild oat. The addition of P fertilizer increased weed seed production in wheat with cereal crops (Godel 1938) . Blackshaw et al. (2004) found in a pot experiment that wild oat absorbed a larger percentage of applied P than wheat and, in a follow-up study, Blackshaw and Molnar 2009 found that the presence of wild oat reduced the positive yield response in wheat from P fertilizer. However, wild oat and tame oat are closely-related species and placing the P in a band near the seed row may give the advantage to the tame oat for exploiting the added P fertilizer. Godel (1938) , using the agronomic cropping system of the time, reported that combining increased seeding rates with P fertilizer improve the control of wild oat in tame oat. Therefore, it is important to determine under the current cropping system if P fertilizer can be combined with increased seeding rates to improve the grain yield of tame oat and the competitiveness of tame oat with wild oat. The objective of this research was to determine if side-banded P in combination with seeding rate would increase the competitive ability, quality, and yield of tame oat in the presence of wild oat in the field.
Materials and Methods
The study was conducted at Indian Head, SK, (50°33′08.37″N, 103°38′39.82″W, elevation 579 m) in 2003, 2004, and 2005 15 May 2003 , 17 May 2004 , and 5 May 2005 . Wild and tame oats were seeded directly into standing stubble with a no-till seed drill with hoe-type openers. The wild oat was seeded in one direction and later the tame oat was seeded in a perpendicular direction through both the plots with and without wild oat. Seeding rates were adjusted for germination percentage and an estimated field mortality of 20% was used to arrive at the desired plant densities. The cultivar 'Kaufmann' was used in all 3 yr (Kibite et al. 2003) . 'Kaufmann' is a high-yielding milling oat cultivar developed by Agriculture and Agri-Food Canada with improved lodging and disease resistance, and reduced thin seed. Combined with a small increase in height, these improvements made it a suitable cultivar to use in this study. All the fertilizer was side-banded 2.5 cm to the side and 5 cm below the seed. The row spacing for the tame oat was 30 cm. The plot size was 42 m 2 with a length of 11.7 m and a width of 4 m. The previous crops were canola in 2003 and 2005 and wheat in 2004. The source of P was monoammonium phosphate (11-52-0-0). The target level of total nitrogen (N), a combination of residual soil nitrate (0-60 cm soil layer) and fertilizer N, was 80 kg ha −1 . Potassium (K) and sulfur (S)
were applied according to soil test recommendations. Glyphosate was applied before seeding at 450 g acid equivalent (a.e.) ha −1 . All in-crop broadleaf herbicide applications were determined according to weed species and density. Excellent broadleaf weed control was achieved.
Data collection
Soil tests were carried out each year for N, P, K, S, and chlorine (Cl). Spring soil test levels of NO 3 -N and SO 4 -S were measured to a depth of 60 cm; soil residual phosphate (PO 4 -P) and K were measured to a depth of 15 cm. A NaHCO 3 extraction procedure (Hamm et al. 1970 ) was used to estimate residual soil N (NO 3 ), P, and K.
Oat plant populations were determined 3-5 wk after seeding and oat panicles were counted after panicle emergence. Both plants and panicles of the tame oat were measured in two 1-m sections of the crop row within each plot. Wild oat was counted in eight 0.28-m 2 areas. Tame and wild oat panicle density were measured after the tame oat had headed but before the wild oat seeds had shattered and at the same time, wild and tame oat biomass were collected from the same quadrats. Physiological maturity was reached when kernel moisture was approximately 30%-35%. Lodging was rated in each plot at physiological maturity using a 1-9 scale (1 = standing, 9 = completely lodged). The entire plot was harvested. Each sample was cleaned using a dockage tester as specified by the Official Grain Grading Guide (Canadian Grain Commission 2016). Grain yield was expressed on a clean grain basis with 13% kernel moisture. Kernel weight, expressed as grams per 1000 seeds, was calculated by weighing 700-1000 kernels. Seeds per panicle was calculated using panicles m −2 , grain yield, and kernel weight. Seed density (seeds m −2 ) was calculated using grain yield and kernel weight. Thin seed was recorded as the portion of the grain sample mass that fell through a 1.98 mm × 19.05 mm slotted screen (5/64″ × 3/4″ slotted sieve) and plump seed as the portion of the grain sample mass that stayed on top of a 2.18 mm × 19.05 mm screen (5.5/64″ × 3/4″ slotted sieve). Test weight was measured as specified by the Official Grain Grading Guide (Canadian Grain Commission 2016). Dockage consists of light material, including a portion of the wild oat seed, removed by the Carter dockage tester as specified by the Official Grain Grading Guide (Canadian Grain Commission 2016). Groat percentage was determined using a compressed-air oat laboratory dehulling machine. A 50 g sample was used with a dehulling time of 60 s, an air pressure of 690 kPa, and a blast gate aperture of 1.5-2.0 cm (Doehlert et al. 1999; Doehlert and McMullen 2001) . Groat percentage was recorded as the mass of the groat divided by the mass of whole oat multiplied by 100.
Statistical analysis
The hypothesis being tested was that P rate and seeding rate and their interaction would improve tame oat yield, quality, and competitiveness with wild oat. Data were analysed with PROC MIXED in SAS (Littell et al. 2006 ) with seeding rate, P rate, wild oat, and year as fixed effects and replicates as a random effect. Studentized residual panels were used to check the distribution of residuals. Fixed effects, their interactions, and contrasts were considered significant at a 5% level of probability. Orthogonal contrasts were used to characterize the response trend (linear and quadratic) to P rate and seeding rate of the main effect and significant interactions. The null hypothesis for the contrasts was that p rate or seeding rate did not have a linear or quadratic effect on the variable.
Results and Discussion
The weather data are presented in Table 1 (Environment Canada 2017). In 2003, very little moisture was received during the growing season while temperatures were near the long-term average. In 2004 and 2005, moisture was above average and temperatures were below average during the growing season.
The effect of seeding rate, P, wild oat, and year on the measured variables is shown in Tables 2 and 3 . Seeding rate had an effect on most of the measured variables and interacted with wild oat and year and P had an effect on seed density (seeds m −2 ), grain yield, tame oat biomass, and the percentage of wild oat in the harvested grain with one significant interaction with wild oat for panicles m −2
.
Yield components
Plant density, panicles m −2
, and panicles plant −1 were all affected by seeding rate and the year × seeding rate interaction but not by P (Table 2) . In each year, as expected, there was a linear increase in plant density as the seeding rate increased. increased. This lack of a response in 2003 is probably due to the low level of precipitation, which was 50% of normal (Table 1) In summary, as the seeding rate increased, tillering of each individual plant was reduced, however, the increased plant density resulted in a higher overall panicle density in any given area. The increase in overall panicle density should increase the competitiveness of Table 4 ). The interaction of wild oat × seeding rate also affected panicles m −2 and panicles plant −1 (Table 2 ). There was a curvilinear decrease in panicles plant −1 as the seeding rate increased (Table 5) . At the lowest seeding rate, 150 seeds m −2 , the no wild oat treatment had more panicles plant −1 than the treatment with wild oat (LSD = 0.14). At the other seeding rates, there was no difference between the wild oat and no wild oat treatments. It appears that competition from the wild oat was limiting the panicles plant −1 at low seeding rates.
This difference between wild oat and no wild oat treatments was not detected by May et al. (2009) . There was a curvilinear increase in panicles m −2 for the no wild oat treatment and a linear increase in the wild oat treatment as the seeding rate increased. As expected from the trends in panicles plant −1 , panicles m −2 was significantly higher in the no wild oat treatment compared with the wild oat treatment at the lowest seeding rate, 150 seeds m −2 (LSD = 31; Table 5 ). Competition from wild oat affected panicle development at the lowest seeding rate. Tame oat seed density was affected by P, year, and year × seeding rate ( Table 2) . As the rate of P increased, there was a linear increase (p = 0.002) in seed density from 10 001 to 10 445 seeds m −2 (Table 6 ). This is the first and only yield component that was affected by P. In contrast, Mohr et al. (2007) found that P applied on oat increased panicle density but seed density was not calculated. In a durum study at Indian Head conducted in years that overlap this study, the addition of P did not increase head density and the numerical increase in seed density from 7286 to 7620 seeds m −2 was not statistically significant (May et al. 2008 ). There does not appear to be a yield component that P fertilizer consistently increases to increase grain yield. In 2005, there was a curvilinear increase in seed density as the seeding rate increased with seed density peaking between a seeding rate of 250 and 450 seeds m (Table 7) . These results are supported by May et al. (2009) , who found that competition from wild oat reduced seed density, especially at low seeding rates. Kernel weight was affected by year and year × seeding rate but not by wild oat or P (Table 2) . Mohr et al. (2007) Table 2. Analysis of variance for the effect of phosphorus (P), seeding rate (SR), and wild oat (WO) on the plant density, panicle density, seed density, kernel weight, grain yield, test weight, biomass, height, lodging, and maturity of tame oat. Note: *, **, and *** significant at 5%, 1%, and 0.1% levels, respectively; NS, not significant. also found that P had no effect on the kernel weight of oat. There was a linear decrease in kernel weight as the seeding rate increased in 2004 and 2005 but not in 2003 (Table 4) The biomass of the oat crop was affected by seeding rate, P, and the seeding rate × year and wild oat × seeding rate interactions. There was a linear increase of 7.6% in oat biomass as the rate of P increased (Table 6 ). The increase in biomass should help to increase the competitiveness of the oat crop with wild oat. The biomass continued to increase to the high rate of 30 kg ha −1 . This increase in biomass from P fertilizer is supported by Berkenkamp et al. (1984) , who reported that P fertilizer increased biomass at 9 out of 15 site years and the optimum rate was between 20 and 30 kg ha −1 . The lack of interaction between P and wild oat for tame oat biomass indicates that the wild oat did not deter the uptake of the banded P. In addition, the biomass of the oat crop was affected by seeding rate, and the seeding rate × year and wild oat × seeding rate interactions. The wild oat depressed the biomass of tame oat at the low seeding rate. As the seeding rate increased in the wild oat treatment, the oat biomass increased by 19%, while in the no wild oat treatment, increasing the seeding rate resulted in a 6.7% increase in tame oat biomass (Table 5 ). The larger increase in oat biomass when wild oat was present indicates that increasing the seeding rate increased the competitiveness of the tame oat relative to the wild oat.
The fact that at the highest seeding rate, the tame oat biomass was lower in the high density wild oat treatment than in the wild oat free treatment indicates that the wild oat is still competitive enough to impact the development of the tame oat even at a high seeding rate. The increase in oat biomass as the seeding rate increased also differed among the 3 yr, with a linear increase in the oat biomass of 17% in 2003 and 14% in 2005 and a curvilinear increase of 14% in 2004 (Table 8) .
Grain yield was affected by all the main effects including seeding rate, P, wild oat, and year plus several interactions: wild oat × seeding rate, year × seeding rate, and year × wild oat (Table 2 ). There was a 3.4% linear increase in grain yield as the P rate increased (Table 6 ). If more than three rates had been used, especially rates above 30 kg P ha −1 , a curvilinear response would have likely been detected as most of the yield increase was brought about by the first 15 kg of P applied. It is interesting to note that the only one yield component, seed density, contributed to this grain yield increase and an increased oat biomass. In this study, we cannot determine if P had a direct impact on the ability of the crop to set and retain more seed or indirectly through the increased biomass. The possible theories for the effect of a P deficiency on grain yield were well elucidated by Grant et al. (2001) . Mohr et al. (2007) could not find a grain yield response when six site-years of data were combined; however, separate individual site analysis found that the grain yield of oat increased with the addition of P fertilizer at two out of six sites. In a preliminary study with one site-year, Holzapfel (2015) found that there was a 4% increase in the grain yield of oat as the applied P fertilizer increased from 0 to 20 kg ha −1 . The fact that, in our study, P did not interact with the seeding rate of tame oat indicates that the effects of P on grain yield were independent of the effects of wild oat and seeding rate. Interestingly, the lack of a P × wild oat interaction indicates that the wild oat did not interfere with the uptake of P, as observed by Blackshaw and Molnar (2009) in wheat, even when the P was seed-placed or banded away from the seed. They found that the presence of wild oat reduced the benefit of P fertilizer towards increasing the seed yield of wheat. Wild oat decreased grain yield by 23% in 2003, 4.4% in 2004, and 11% in 2005 (Table 7) . The largest yield decrease occurred in 2003, which also had the lowest grain yield and plant density. There were significant linear and quadratic responses to seeding rate both with and without wild oats (Table 5 ). The difference is that when wild oat was present there was a 5% increase in grain yield as the seeding rate increased above 150 seeds m −2 , whereas in the treatment with no wild oat, the grain yield was negatively affected by the highest seeding rate, 450 seeds m −2
. May et al. (2009) , using the oat cultivar Pinnacle, found that the grain yield of oat increased as the seeding rate increased in both the low and high wild oat density treatments. The yield increase from seeding Note: *, **, and *** significant at 5%, 1%, and 0.1% levels, respectively; NS, not significant. rate was higher in the high wild oat density treatment. The fact that the study by May et al. (2009) and this current study had a similar response to seeding rate using different cultivars from different breeding programs indicates that we can expect that most if not all cultivars will have their competitiveness with wild oat increase as their seeding rate is increased.
Both height and lodging were affected by seeding rate and the year × seeding rate interaction and not by P (Table 2 ). There was a linear decrease in the height by 4% in 2003, 11% in 2004, and 5% in 2005 as the seeding rate increased (data not shown). As the seeding rate increased, there was a curvilinear increase in lodging from 1.0 to 3.8 in 2004 and 3.3 to 5.8 in 2005 . There was very little lodging in 2003. May et al. (2009) found a 4.5% decrease in height and an increase in lodging as the seeding rate increased, supporting the results of this study. Although P was not significant in the analysis of variance (Table 2) , the linear contrast was significant (p < 0.023), with the height increasing from 95.5 cm at 0 kg ha −1 P to 96.7 cm at 30 kg ha −1 . Mohr et al. (2007) found that plant height increased as the P rate increased and two studies (Mohr et al. 2007; Holzapfel 2015) both found that lodging increased as P increased. In this study, P did not have an effect on lodging. Test weight was affected by year and year × seeding rate but not P (Table 2) ; however, the trend was not Note: *, **, and *** significant at 5%, 1%, and 0.1% levels, respectively; NS, not significant; -, no value. (Table 8) .
Both plump seed and thin seed were affected by seeding rate and year but not P (Table 3) . Plump seed showed a linear increase from 92.8% to 94.1% and thin seed had a linear decrease from 2.0% to 1.7% as the seeding rate increased. Both changes do not appear to be of biological or economic significance. May et al. (2009) observed a similar response in plump and thin seed that was larger than the response observed in this study. Phosphate did not impact plump or thin seed in this study or the studies conducted by both Mohr et al. (2007) and Holzapfel (2015) .
Groat yield was affected by year and the year × seeding rate interaction but not P (Table 3) (Table 8) .
Dockage was affected by all four main effects and the interactions of wild oat × seeding rate, year × WO, and year × wild oat × seeding rate (Table 3 ). The presence of wild oat increased dockage in the harvested samples in all 3 yr (Table 7 ). In addition, as the seeding rate increased, dockage decreased when wild oat was present in the plots (Table 9) .
Wild oat seed in the harvested grain was affected by P, seeding rate, and year × seeding rate (Table 3) . There was a linear decrease in wild oat seed as the P rate increased from 1.26% to 0.76% in the harvested grain or from 52 to 32 kg ha −1 of wild oat seed (Table 6 ). It should also be remembered that a large portion of the wild oat seed will have shattered and be on the soil surface when the plots were combined. Therefore, increasing the P rate increased the competiveness of tame oat with wild oat, reducing the fecundity of wild oat by 38%. This improved competitiveness that reduced wild oat seed production may have been due to the increase in tame oat biomass as the P rate increased. In addition, there was a linear decrease from 3.08% to 0.66% in 2004 (142-29 kg wild oat seed ha −1 ) and a curvilinear decrease from 1.40% to 0.52% (68-28 kg wild oat seed ha
) in 2005 as the seeding rate of the tame oat increased (Table 8) . Therefore, increasing the seeding rate reduced wild oat fecundity by 80% in 2004 and 59% in 2005. The lack of effect by seeding rate in 2003 is probably due to the low seeding rate and only a slight increase in plant density as the seeding rate increased. These results indicate that increasing the P rate and seeding rate probably reduce the number of wild oat seeds being added to the seed bank in the soil.
Wild oat plant density varied among the 3 yr and was not affected by seeding rate or P rate (Table 3 ). In the plots that were seeded with wild oat, the wild oat plant density when averaged across P rate and seeding rate was 58 plants m Wild oat panicle density and wild oat biomass were both affected by seeding rate and year × seeding rate but not P (Table 3 ). There was a linear decrease in both wild oat panicles and wild oat biomass as the seeding rate increased in 2004 and 2005 but not in 2003 (Table 8) . Therefore, increasing the seeding rate increased the competitiveness of the tame oat, reducing wild oat biomass by 61% in 2004 and 52% in 2005. Again, the lack of effect of seeding rate in 2003 is probably due to the low plant density of the tame oat and the small increase in tame oat plant density as the seeding rate increased in 2003 (Table 4) .
The impact of tame oat seeding rate and P fertilizer improving the competitiveness of tame oat and improving the management of wild oat in tame oat have been investigated in this study. The next step to improving our ability to manage wild oat in tame oat crops is to investigate the effects of nitrogen fertility and distance between seed rows in interaction with seeding rate and P fertilizer on the competitiveness of tame oat.
Conclusions
Four major conclusions can be drawn from this research. Firstly, the effect of seeding rate on wild oat is strongly influenced by the environmental conditions during the growing season. Secondly, wild oat did not interfere with the uptake of side-banded P by tame oat. Thirdly, P fertilizer increased the competitive ability of oat by increasing oat biomass and the grain yield of oat and reducing the fecundity of wild oat by 38%. Fourthly, these results indicate that P rate and seeding rate are agronomic practices that can be managed independently 
